Introduction
Vinexin is a member of an adaptor protein family which is composed of vinexin, CAP (c-Cbl associated protein)/ ponsin and ArgBP2 (Arg-binding protein 2) (Kioka et al., 2002) . The molecular architecture of this family is highly conserved; they share a N-terminally located sorbinhomology (SoHo) domain and three src-homology 3 (SH3) domains in the C-terminal region. Vinexin is transcribed into several alternative forms including vinexina, b and g (Kioka et al., 1999; Matsuyama et al., 2005) . While vinexina and g are larger variants and have a SoHo domain, vinexinb is a short form containing only three SH3 domains. Vinexin was first isolated via its interaction with vinculin, a cytoskeletal protein found at cell-substrate adhesion sites (focal adhesions) and at cellcell junctions (Kioka et al., 1999) . Activated vinculin has been reported to play a role to recruit vinexin to focal adhesions (Takahashi et al., 2005) . Transient expression of vinexina and b was shown to induce the actin cytoskeletal organization in the vicinity of focal adhesions of fibroblasts, and overexpressed vinexinb promoted cell spreading in myoblasts (Kioka et al., 1999) . These results strongly suggest roles of vinexin in cytoskeletal organization, cell adhesion and spreading.
Accumulating evidence suggests that vinexin is involved in cell signaling. Vinexinb is reported to bind with a Ras-guanine nucleotide-exchange factor (Ras-GEF) mSos and regulate the epidermal growth factor (EGF)-induced activation of c-jun N-terminal kinase (JNK) (Akamatsu et al., 1999) . Vinexinb also interacts with activated version of extracellular signal-regulated kinase (ERK) and c-Raf, an upstream activator of ERK (Suwa et al., 2002; Mitsushima et al., 2004; Matsuyama et al., 2005) . While the third SH3 domain interacts with mSos and is essential for EGF-mediated JNK activation (Akamatsu et al., 1999) , a linker region between second and third SH3 domains is required for anchorage-dependent activation of ERK2 induced by EGF (Suwa et al., 2002) . Interestingly, active ERK phosphorylates Ser189 of vinexinb in the region, although the physiological significance remains to be elucidated (Mitsushima et al., 2004) .
Intensive biochemical and cell biological characterization of vinexin has been performed using transient expression methods. In the present study, we first determined the localization of endogenous vinexin at cell peripheries and focal adhesions. We then focused on the ERK-mediated vinexin-phosphorylation by the use of a site-and phosphorylation state-specific antibody and cell lines stably expressing GFP-fused vinexinb and the two mutants at Ser189, which mimic the ERK-phosphorylated or -unphosphorylated state. Consequently, the phosphorylation was detected at the leading edges of migrating cells and focal adhesions in the early phase of spreading cells, and was most likely to play roles in the cell spreading, migration and anchorage-independent growth.
Results

Intracellular localization of vinexin in migrating and spread cells
Transiently expressed vinexin is localized at focal adhesions and cell-cell junctions in fibroblastic and epithelial cells, respectively (Kioka et al., 1999) , suggestive of functions in cell-substrate and cell-cell interactions. We examined the intracellular localization of endogenous vinexin in several cell lines. When double-stain migrating NIH3T3 cells were double stained for vinexin and F-actin, they were significantly colocalized at the leading edge ( Figure 1A ). GFP-vinexinb was also enriched there ( Figure 1B ). Transiently expressed vinexin was reported to upregulate actin stress fiber formation in NIH3T3 cells (Kioka et al., 1999) . However, relationship between endogenous vinexin and stress fibers was not clear in NIH3T3 cells, since the cells have a weak stress fiber network. We therefore analysed it using REF52 cells that have a developed stress fiber network. As shown in Figure 1Ca -c, vinexin was distributed mainly in the perinuclear region, but clearly along with stress fibers and was also colocalized with vinculin (Figure 1Cd-f) . We then characterized vinexin localization in urinary bladder carcinoma T24 cells that dominantly express a isoform (data not shown). As shown in Figure 1D , vinexina was distributed at the leading edge and retracting tail during migration (a-c) and at veil-like lamellipodia of spreading cells (d-f). Vinexina was also localized at focal adhesions of wellspread cells (g-i).
Characterization of an antibody detecting ERK-mediated phosphorylation of vinexinb-Ser189/vinexina-Ser593 While ERK plays a pivotal role in regulating cell proliferation and differentiation, activated ERK is also reported to concentrate at adhesion sites and regulate cell spreading and migration (Huang et al., 2004) . The findings that vinexin is phosphorylated by ERK in vitro and that exogenous vinexinb and ERK are colocalized at NIH3T3 cell peripheries during the early phase of spreading suggest the involvement of ERK-mediated vinexin phosphorylation in the spreading process (Mitsushima et al., 2004) . To analyse physiological significance of the phosphorylation, we prepared an antibody, anti-phospho-Vin, recognizing phosphorylation of rat vinexinb at Ser189 equivalent to Ser593 of vinexina (Ito et al., 2007) . As shown in Figure 2a , the consensus sequence around the ERK-mediated phosphorylation site is conserved in the rat, human and ERK-mediated phosphorylation of vinexin K Mizutani et al mouse orthologs. We thus asked if anti-phospho-Vin recognizes phosphorylation of human vinexinb at Ser189. Consequently, the antibody reacted with human vinexinb expressed in COS7 cells, although the reactivity was relatively weak compared to rat ortholog ( Figure 2b ). The phosphorylation signal was markedly inhibited by treatment with 10 mM PD98059, a MEK inhibitor (Figure 2b ). Since ERK is activated by the Ras-Raf-MEK1/2 pathway, we asked if the phosphorylation of vinexinb-Ser189 is regulated by this signal cascade. As shown in Figure 2c , constitutively activated H-Ras, V12-H-Ras as well as a vinexin-binding Ras-GEF, mSos, enhanced the phosphorylation. Since Ras is downstream of mSos, no additional effect was observed when these two molecules were coexpressed (Figure 2c ). When immunoprecipitated Flag-vinexinb was treated with lprotein phosphatase, the phosphorylation signal disappeared (Figure 2d ).
ERK-mediated phosphorylation of GFP-vinexinb in T24 and REF52 cells Given that ERK binds with and phosphorylates vinexin in vitro (Mitsushima et al., 2004) , it is most likely that endogenous ERK, vinexin and its phosphorylated form are at least partly colocalized in cells. We thus examined the possibility using a transient expression method. When GFP-vinexinb was expressed in T24 cells, it was colocalized with vinculin as expected . In these cells, immunoreactivity of anti-phospho-Vin was colocalized with GFP-vinexinb (Figure 3Ad -f). It is noteworthy that GFP-vinexinb-SA, a mutant with substitution of Ser189 to Ala, also accumulated at focal adhesions although the mutant was not recognized by anti-phospho-Vin (Figure 3Ag-l) . Since vinculin staining is relatively weak in T24 cells, we carried out the same analyses using REF52 cells where prominent focal adhesions are formed. In the cells, GFP-vinexinb was highly concentrated at focal adhesions and colocalized with vinculin (Figure 3Ba-c) . Under the conditions, immunoreactivity of anti-phospho-Vin was detected at focal adhesions where GFP-vinexinb accumulated (Figure 3Bd -f). Phosphorylation signal in the nucleus may be related to vinexin-dependent gene-expression control although the possibility of nonspecific signals is not ruled out (Tujague et al., 2004; Bour et al., 2005) . As is the case of T24 cells, GFP-vinexinb-SA accumulated at focal adhesions with little phosphorylation signal (Figure 3Bg -k). Vinexinb-SA as well as the wild type was colocalized partly along with stress fibers in the vicinity of focal adhesions in RFF52 cells (Figure 3Bm -o; data not shown). When GFP-vinexinb-SD, a mutant with substitution of Ser189 to Asp, was expressed, it was also enriched at focal adhesions (Figure 3Bp -r). These results imply that phosphorylation of vinexinb-Ser189 is not essential for its localization at focal adhesions and that both unphosphorylated and phosphorylated vinexin is localized there, although their functional differences remain to be elucidated. In addition, GFP-ERK2 was partially colocalized with vinculin ( Figure 3C ). Accumulation of GFP-ERK, -vinexinb and the phosphorylated vinexin at focal adhesions strongly suggests physiological relevance of these molecules.
Colocalization of ERK-phosphorylated vinexin and activated ERK at the leading edge of T24 and REF52 cells We next examined ERK-mediated phosphorylation of endogenous vinexin. As shown in Figure 4A , antiphospho-Vin recognized phosphorylation signals at the leading edges of the migrating in T24 (a) and REF52 cells (d). Vinculin was also enriched at the leading edge of these cells (Figure 4Ab and e). In the migrating cells, activated ERK phosphorylated at Thr202 and Tyr204 was also colocalized with vinexin ( Figure 4B ). Taken together, colocalization of ERK-phosphorylated vinexin with activated ERK at the leading edge suggests their roles in cell migration.
ERK-mediated vinexin phosphorylation spatiotemporally regulated at cell peripheries during the spreading process We further examined the ERK-mediated vinexin phosphorylation during T24 cell-spreading process. As shown in Figure 5A , anti-phospho-Vin detected signals colocalized with vinculin during cell adhesion (a and b) and the early phase of spreading (c and d). By contrast, the signal was hardly detected at focal adhesions in the well-spread cells (Figure 5Ae and f). Activated ERK was also localized with vinculin at the cell periphery during cell adhesion and the early phase of spreading ( Figure  5Ba-d) . As is the case of vinexin, phosphorylation of ERK was markedly reduced in the well-spread cells, indicating an inactive state of ERK (Figure 5Be and f). It should be noted that these results are different from those in the transient expression experiments using T24 and REF52 cells, where phosphorylation of GFPvinexinb by ERK was detected in the well-spread cells. Possible explanation of the discrepancy is that phosphorylation of excess amount of vinexinb by ERK with low activity was visualized in the expression experiments.
We next asked if the vinexin phosphorylation observed here is inhibited by treatment with PD98059. As shown in Figure 5Ca -d, the dual-phosphorylation of ERK was significantly decreased by the treatment. Phosphorylation of vinexin at cell peripheries was also attenuated by the treatment, suggesting that the observed phosphorylation depends on ERK (Figure 5Ce-h) . By contrast, phosphorylation signal at nuclei was little affected by the treatment. We also monitored the phosphorylation by immunoblotting. ERK was found to be activated after 2 h of plating, but came to be markedly attenuated by subsequent PD98059 treatment for 3 h ( Figure 5D , left panel). The total amounts of ERK in the lysates were almost equal (data not shown). On the other hand, ERK-mediated vinexin phosphorylation was only partly reduced by the treatment ( Figure 5D , middle and right panels). We assume that the apparently low inhibition is due to the nuclear phosphorylation signals resistant to PD98059 treatment. We then asked if the signal in the nucleus is attributed to phosphorylated vinexin. As shown in Figure 5E , nuclear vinexin was found to be highly phosphorylated, although the protein amount was much lower than that in cytosol. Further studies are required to clarify physiological significance and biological features of vinexin phosphorylated in the nucleus.
Physiological significance of ERK-phosphorylated vinexinb in LNCaP cell spreading
To analyse further the physiological role of ERKmediated vinexin phosphorylation, we tried to establish cell lines stably expressing GFP, GFP-vinexinb, GFPvinexinb-SA or -SD. We first confirmed that the GFPtagged vinexin mutants are not abnormally folded, but functionally bind with its interactive partners. As shown in Figure 6 , both vinexinb-SA and -SD bound to mSos, N-WASP, WAVE2 and vinculin. mSos and N-WASP associate with the third SH3 domain, while vinculin and WAVE2 interact with the first and second domains (Akamatsu et al., 1999; Kioka et al., 1999; Mitsushima et al., 2006) . Together with localization at focal adhesions in REF52 cells ( Figure 3B ), vinexinb-SA and -SD are most likely to mimic unphosphorylated and ERK-phosphorylated vinexinb, respectively, and exert physiological functions through interaction with the binding partners.
Despite enormous efforts, we have not been able to isolate the stable T24 cell lines for unknown reasons. Therefore, we used prostate cancer cell line LNCaP since this line does not express vinexinb like T24 cells, based on immunoblotting (data not shown) and may be suitable for analysing functions of the isoform. As shown in Figure 7A , LNCaP/GFP, LNCaP/ Vinb, LNCaP/SA and LNCaP/SD cells were found to stably express GFP, GFP-vinexinb, -vinexinb-SA and -vinexinb-SD, respectively. GFP-vinexinb and the mutants were distributed in the cytoplasm and nucleus, while GFP per se was localized mainly at the nucleus ( Figure 7B) . Expression of the proteins little affected the cell morphology ( Figure 7B ).
We then carried out spreading assays using these cell lines and examined the effects of Ser189 phosphorylation. LNCaP/Vinb showed attenuated spreading compared with LNCaP/GFP ( Figure 7C and D) . Then, effects of phosphorylation at Ser189 were examined using LNCaP/SA and LNCaP/SD. While the spreading was little affected in LNCaP/SA, LNCaP/SD showed phenotypes very similar to those of LNCaP/Vinb ( Figure 7C and D) . These results suggest that GFPvinexinb in LNCaP is at least partly phosphorylated at Ser189 under the experimental conditions. Collectively, cell spreading is most likely to be suppressed when vinexinb is phosphorylated by ERK. It is tempting to speculate that ERK-mediated vinexin phosphorylation may play a pivotal role in dynamic movement of the leading edges in migrating cells and of lamellipodia in the early phase of spreading.
Effects of expression of the phosphorylation site-mutated vinexinb on LNCaP cell migration
We next investigated whether phosphorylation of vinexinb-Ser189 affects LNCaP cell migration, using transwell chambers. When compared to LNCaP/GFP, LNCaP/Vinb and LNCaP/SD showed decreased migration, whereas significantly increment was observed in LNCaP/SA (Figure 8) . Together with the results in cell adhesion and spreading assays, ERK-mediated phosphorylation is strongly suggested to alter biochemical and/or cell biological properties of vinexinb, and thereby inhibit cell migration through affecting cell adhesion and spreading. 
ERK-mediated phosphorylation of vinexin K Mizutani et al
Effects of expression of the phosphorylation site-mutated vinexinb on the anchorage-independent LNCaP cell growth To examine the effects of vinexinb-Ser189 phosphorylation on tumorigenic phenotypes of LNCaP, we analysed anchorage-independent growth of the stable cell lines. Like parent LNCaP, LNCaP/GFP showed anchorageindependent growth in soft agar medium (Figure 9 ). Similar results were observed in LNCaP/SD. Interestingly, the growth of LNCaP/SA was significantly inhibited in soft agar and produced Bsix-fold fewer colonies than the control line. It should be noted that the colony formation of LNCaP/Vinb was comparable to LNCaP/SA. Possible explanation of this result is that GFP-vinexinb in the cell line cultured in soft agar was unphosphorylated since ERK is inactivated in nonadherent LNCaP cells (data not shown) as is the case of NIH3T3 cells (Suwa et al., 2002) . On the other hand, all the lines exhibited very similar growth under anchoragedependent conditions (data not shown). These results ERK-mediated phosphorylation of vinexin K Mizutani et al strongly suggest that ERK-mediated vinexinb-phosphorylation plays a role in tumorigenic phenotype of LNCaP.
Discussion
Vinexin is considered to be involved in regulation of various cellular processes, such as cell adhesion, movement, polarity, signal transduction and gene expression (Kioka et al., 2002) . In the present study, we have focused on the relationship between vinexin function and ERK signaling. We first determined the intracellular localization of endogenous vinexin at the leading edge in migrating cells, lamellipodia in spreading cells and focal adhesions in wellspread cells. We next monitored ERK-mediated phosphorylation state of vinexin with a site-and phosphorylation state-specific antibody, and found that the phosphorylation occurs in a characteristic manner spatiotemporally regulated; the phosphorylation was clearly observed at the leading edge in migrating cells and at cell peripheries in the early phase of cell spreading, while it was hardly detected at focal adhesions of well-spread cells. We also found that activated ERK is colocalized with the phospho-vinexin at peripheral areas when cells dynamically move without forming clear focal adhesions.
Given that migration is a cyclic process that involves cell spreading, contractility, traction and retraction, ERK may phosphorylate vinexin at the leading edge in a spatiotemporally regulated manner during cell migration. Although the phosphorylation profile of vinexin during migration remains to be investigated, the cycling between the phosphorylated and unphosphorylated states may be important for this cellular event. On the other hand, ERK-mediated vinexin phosphorylation was observed at lamellipodia in the early phase of cell spreading. Veil-like lamellipodia are known to move dynamically during cell spreading as well as cell migration. The molecular mechanism of the phosphorylation during cell spreading might be the same as that involved in the migration. Interestingly, endogenous vinexin phosphorylation signal disappeared coincident with stable focal adhesion formation, although vinexin is still enriched there. This observation indicates that yet-unidentified protein phosphatase(s) functions during cell-spreading process. We assume that the cycling process of phosphorylation and dephosphorylation of vinexin is essential for cell spreading as well as migration. Further analyses are required to address this issue and to clarify the molecules responsible for the cycling process.
We further demonstrated the importance of ERKmediated vinexinb phosphorylation during cell spreading and migration by using LNCaP cell lines stably expressing vinexinb and the mutants harboring Ala189(SA) or Asp189(SD). Cell spreading and migration was inhibited in LNCaP/SD compared to the mock transfectant, suggesting that ERK-phosphorylated vinexin inhibits focal adhesion formation. These results are consistent with dramatically attenuated vinexin phosphorylation at focal adhesions in well-spread cells where ERK is inactivated. Cell spreading and migration was also suppressed in LNCaP/Vinb, suggesting that GFPvinexinb in this cell line is at least to some extent in phosphorylated state and thus showed a phenotype very similar to LNCaP/SD. Taken together, ERK-mediated vinexin phosphorylation is most likely to occur when cells are dynamically interacting with substrates and attenuated when they become apparently static states.
ERK activity is known to be essential for cell growth. ERK-mediated vinexin phosphorylation also seems to be critical for tumorigenesis of LNCaP, since anchorage-independent cell growth was suppressed in LNCaP/ SA. Together with the results in the spreading/migration assays, ERK is possible to control tumor cell invasion and growth through two pathways bifurcating at vinexin. Intensive studies are required to clarify the relationship between ERK-mediated vinexin phosphorylation and vinexin functions.
Materials and methods
Plasmid construction
Vinexinb and N-WASP cDNAs were amplified by PCR and subcloned into pRK5-Flag and pEGFP-C1 vectors. pcDNAmSos and pEFBOS-Flag-WAVE2 were kindly provided from Drs T Satoh (University of Kobe, Japan) and T Takenawa (University of Tokyo, Japan), respectively. Two mutants with a Ser-to-Ala substitution (vinexinb-SA) and a Ser-to-Asp one (vinexinb-SD) at residue 189 were generated using with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA). All constructs were verified by DNA sequencing.
Antibodies
A rabbit polyclonal anti-vinexin and a phospho-vinexin specific antibody (anti-phospho-Vin) were produced as described (Ito et al., 2007) . Monoclonal anti-phospho-ERK1/2 and anti-ERK were from Cell Signaling Technology (Rockford, IL, USA). Monoclonal anti-vinculin and anti-tubulin were from Sigma-Aldrich (St Louis, MO, USA). Monoclonal anti-GFP, anti-histone H3 and polyclonal anti-mSos were from Santa Cruz Biotech (Santa Cruz, CA, USA). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot analyses were done as described (Nagata et al., 2004) .
Cell culture, transfection, immunofluorescence and fractionation Cell culture, transfection and immunofluorescence were performed as described (Nagata et al., 2004) . Where indicated, cells were treated with 10 mM PD98059 (Sigma-Aldrich) for the indicated time periods. Isolation of cytosolic and nuclear fractions was performed with Nuclear and Cytoplasmic Extraction Reagents (Pierce Inc., Rockford, IL, USA).
Immunoprecipitation and phosphatase treatment
Immunoprecipitation analysis and treatment with lprotein phosphatase (New England BioLab, Ipswich, MA, USA) was done as described (Mitsushima et al., 2006; Ito et al., 2007) .
Cell-spreading assays Cell spreading was analysed by counting spread cell numbers and measuring the cell areas. As for the counting assay, cells were harvested with 0.5% trypsin/2 mM ethylenediaminetetraacetic acid, suspended in RPMI/10% fetal calf serum (FCS) at 10 5 cells/ml, and then plated onto coverslips and allowed to adhere for 24 h. Cells were fixed and the percentage of spread cells was counted and shown as mean7s.d. For cell area measurement, cells were stained with rhodamine-phalloidin (Molecular Probe, Carlsbad, CA, USA). The spreading areas (50 cells per assay) were measured using Image-Pro PLUS software (Media Cybernetics Inc., Bethesda, MD, USA).
Migration assay
Cells at a density of 1 Â 10 5 cells in RPMI/0.1% FCS were plated in the inner chamber of 24-well culture plates (8 mm pores size; Becton Dickinson, Franklin Lakes, NJ, USA) and the outer chamber was filled with RPMI/5% FCS. After incubation for 24 h at 371C, cells were fixed and stained with 2% crystal violet, and cells inside the inserts were removed. The number of migrated cells was counted under a microscope.
Colony formation assay
Cells were suspended in 0.3% noble agar in RPMI/10% FCS, plated at a density of 1 Â 10 3 cells in a 60 mm dish coated with 0.5% base agar, and cultured at 371C. Colonies were fixed and stained with 2% crystal violet. Colonies >0.5 mm in diameter were counted and analysed.
